We have investigated the absorption and emission spectrum of 5-hydroxyindole in the gas phase and in various solvents. 5-Hydroxyindole is the fluorophore of the non-natural amino acid 5-hydroxytryptophan, which has attracted recent interest as a novel intrinsic probe for protein structure, dynamics, and function. Gas-phase and implicit solvent calculations were performed with multiconfigurational perturbation theory (CASPT2). An explicit solvent model was calculated using a decoupled quantum mechanics/molecular mechanics approach, utilizing recent advances in time-dependent density functional theory. The importance of hydrogen bonding is shown by comparing the implicit solvent model calculations with the explicit solvent calculations and experimental results. In line with other indole systems, the order of the 1 L state peaks in 5-hydroxindole is 1 L b at lower energy than 1 L a , with the emitting state being 1 L a .
Introduction
Processes at the membrane level are often studied using molecular probes in order to obtain quantitative measurements. Theuseofenvironment-sensitivefluorescentprobesiswidespread. [1] [2] [3] [4] [5] [6] [7] [8] [9] The location of the fluorophore within the membrane dipole potential leads to shifts in absorption and emission and, thus, reports on the membrane environment. One popular probe is green fluorescent protein (GFP), [1] [2] [3] [4] [5] a protein consisting of 238 amino acids. The fluorophore of GFP is a post-translationally modified sequence of serine, tyrosine, and glycine to a 4-(phydroxybenzylidene)-imidazolidin-5-one structure. This sequence on its own does not show fluorescence, but the extended environment within GFP causes fluorescence. The interaction of GFP with other proteins or environments is well-characterized, and there have been many successful applications, because of the sensitivity of GFP to its environment. However, the size of GFP can alter the processes being studied, so the search for smaller, less invasive alternatives is an active area of research.
Tryptophan also shows significant absorption and emission bands that are sensitive to the environment. Although such behavior can be readily exploited in a protein containing a single tryptophan, [10] [11] [12] [13] [14] many proteins and most cell environments have more than one tryptophan. Thus, the signal from the probe would be lost in the "noise" of the other tryptophan residues. 9 The non-natural amino acid 5-hydroxytryptophan [6] [7] [8] [9] is particularly interesting, because its first absorption band is found at a wavelength ∼30 nm longer than that of tryptophan, allowing easy discrimination from the signals due to natural tryptophan. In a situation involving more than one tryptophan, 5-hydroxytryptophan would provide a unique probe. The spectroscopically active part of 5-hydroxytryptophan is the 5-hydroxyindole moiety. There have been several investigations into its use as a fluorescent label. 8, 9 The first of these 8 focused on the bacteriophage λ-cI repressor, in which the three wild-type tryptophans were replaced by 5-hydroxytryptophan. The absorption and emission spectra showed the hydroxy derivative of tryptophan to have an absorption shoulder at ∼30 nm longer wavelength than unmodified tryptophan within the protein environment. Another study 9 looked at the phosphoglycerate kinase (PGK) protein labeled by inducing expression in the presence of 5-hydroxytryptophan. The labeling site was a location where conventional fluorescent labels could not be used because of their size. These applications demonstrated the qualitative response of the fluorophore to the surrounding environment, but a more quantitative application requires a clear understanding of the molecular environment and its effect on 5-hydroxyindole. This can be achieved using quantum chemical calculations on the electronically excited states in both the gas phase and solution.
Many experimental and theoretical investigations have been conducted on the nature of indole spectroscopy, [13] [14] [15] [16] [17] [18] [19] [20] [21] concentrating mainly, but not exclusively, on indole and 3-methylindole. Spectroscopists studying proteins use tryptophan because of the strong absorption and emission of its energetically low-lying bands and the environmental sensitivity of these bands. In the gas phase, the first excited state of indole is the B states occur between 5.7 and 6.5 eV. Several ab initio calculations at the multireference perturbation theory (CASPT2) level have concentrated on these shifts, using a polarizable continuum model (PCM) for the solvent effects. Although it is a high level of theory, the PCM does not capture explicit hydrogen bonding, and so, the calculated spectra in water are relatively qualitative. The popular time-dependent density functional theory (TDDFT) approach can handle a significant number of explicit solvent molecules; however, previous TDDFT studies did not predict the ordering of the states correctly. 10 In particular, the 1 L a state appears much lower in energy than expected. TDDFT using many "standard" functionals has a known problem with certain excitations, 23 especially if an electron is moved a large distance; in these cases, the electron interacts with itself, resulting in the energy of these states being too low.
Little experimental or theoretical information is available for 5-hydroxyindole in the gas phase or simple solutions, although some data are available in proteins in vivo. 8, 9 In the present article, we report calculations on the electronic excited states of 5-hydroxyindole in the gas phase to obtain the main features of the absorption spectrum. We also calculated the spectrum of 5-hydroxyindole in solution, both with an implicit model and with explicit solvent molecules. Using asymptotically corrected functionals, we performed TDDFT calculations including explicit solvent molecules. Critically, such functionals give the correct ordering of the states of indole. This allowed us to assign the spectrum for 5-hydroxyindole in environments with dielectric constants similar to those found in membrane environments. 24 Excited-state geometries have also been obtained for the 1 L a and 1 L b states, and the emission spectra have been calculated in the gas phase and in solution, including an explicit solvent model. These results were compared with experimental solutionphase absorption and emission data for several solvents. The use of a decoupled QM/MM scheme allowed us to produce computational absorption and emission spectra, thus giving detailed information on the peaks present in each and their response to the molecular environment.
Computational Methods
Complete-active-space self-consistent-field (CASSCF) calculations 25 were carried out using an active space of 12 electrons in 10 orbitals, which we denote as CASSCF (12, 10) . These orbitals comprise the π-system of the indole ring, along with a lone pair from each nitrogen and oxygen. An atomic natural orbital (ANO) type of basis set 26 was employed, contracted to 4s3p2d on carbon, nitrogen, and oxygen and 2s1p on hydrogen. To calculate fluorescence data, we had to optimize the geometries of the ground state and the excited states of interest. Thus, the geometries of the ground and first two excited states were calculated at the CASSCF level, without the use of symmetry. Because the CASSCF method accounts for only the nondynamical correlation energy, we recovered the dynamical correlation energy using a multiconfigurational variant of perturbation theory, CASPT2. [27] [28] [29] [30] All single-point energy calculations were carried out using C s symmetry. For gas-phase calculations, Rydberg transitions can be important, so a molecule-centered Rydberg basis set 31 capable of properly describing these states was added. Following the prescribed procedure, 31 the basis set was contracted from 8s8p8d to 1s1p1d. Because only transitions of A′ symmetry are being considered, only the Rydberg orbitals of a′′ symmetry were added to the active space, resulting in an enlarged active space of (12, 13) for the Rydberg calculations. The orbitals were then optimized at the CASSCF level averaged over several roots. To calculate the Rydberg transitions, a 10-root state-averaged CASSCF calculation was performed, followed by CASPT2 treatment. For the valence transitions, the orbitals of Rydberg character were deleted from the active space, and an eight-root calculation was performed, followed by CASPT2 treatment. This procedure was necessary to avoid artificial Rydberg-valence mixing.
For the continuum solvent calculations, the polarizable continuum model (PCM) was employed. 32 This model considers the solute in a cavity of overlapping solvent tesserae (with an average area of 0.4 Å 2 ) that have apparent charges to reproduce the electrostatic potential due to the polarized dielectric within this cavity. The solvents investigated were water (ε ) 78.39), dimethylsulfoxide (DMSO; ε ) 46.70), chloroform (ε ) 4.90), ethanol (ε ) 24.55), and acetonitrile (ε ) 36.64). Rydberg states are expected to become much higher in energy in a solvated environment, so for these calculations, the Rydberg basis functions were omitted. All of these calculations were performed with Molcas 7.0. 33 Gas-phase density functional theory (DFT) calculations were also performed. The geometries were optimized at the ground state using the B3LYP functional 34 with the LB94 asymptotic correction. 35 The excited-state geometries were obtained numerically using time-dependent DFT (TDDFT) with the same functionals. The basis set used was the 6-31G(d) basis set of Pople and co-workers. 36 This combination of functionals was chosen for two major reasons: B3LYP generally gives good geometries in the ground state, and the LB94 correction was used because one of the excited states ( 1 L a ) is believed to have some charge-transfer character, something that standard functionals fail to describe within the context of TDDFT. For the single-point calculations, the PBE + correction (hereafter referred to as PBEOP) 37, 38 functional was used; this is also an asymptotically correct functional, giving generally more quantitative excitation energies in our studies of similar systems. The basis set used for these calculations was 6-311+G(d,p). The LB94 calculations were performed using NWChem, 39 and the PBEOP calculations were performed with Q-Chem. 40 For the explicitly solvated calculations, 100 snapshots were taken from a molecular dynamics (MD) simulation performed using the CHARMM program 41 and the CHARMM22 allhydrogen parameters. 42 These simulations were carried out at constant volume and temperature (300 K). Cubic periodic boundary conditions were imposed, with a box of length 29.304 Å containing 5-hydroxyindole and 405 water molecules described by the TIP3P potential. 43 For the calculations containing acetonitrile, cubic periodic boundary conditions were used with a box of length 45.50 Å containing 5-hydroxyindole and 1206 acetonitrile molecules. The acetonitrile parameters were taken from the work of Grabuleda et al. 44 Equilibration lasted for 140 ps, followed by the production dynamics, where the snapshots were taken every 10 ps. These snapshots were then used in TDDFT calculations, within the Tamm-Dancoff approximation (TDA). 45 Solvent molecules within 7 Å of any part of 5-hydroxyindole were included in these calculations. This led to an average of 35 water molecules per 5-hydroxyindole molecule and 20 acetonitrile molecules per 5-hydroxyindole. The 6-31G(d,p) basis set was used on all atoms. Performing a TDDFT/TDA calculation on a system of this size would be computationally demanding, so a scheme was utilized involving a truncated set of single excitations associated with the atoms of the fluorophore. 46 In this scheme, occupied orbitals were chosen on the basis of their Mulliken populations. If {λ} is the subset of basis functions centered on the fluorophore atoms, a parameter κ i occ is defined such that where M λi is the contribution to the Mulliken population of orbital i from basis function λ. κ i occ is therefore a measure of the atoms on which orbital i is localized. Similarly, a parameter κ a vir can be defined for virtual orbitals, based on molecular orbital coefficients c
For this study, an occupied orbital i was included if κ i occ g 0.4 au, and a virtual orbital a was included if κ a vir g 0.5 au. This method has been implemented within Q-Chem using the functionals available therein, including PBEOP (although not LB94), and has been successfully applied in the literature.
46-48
The scheme also makes the identification of the states of interest much easier than using a full TDDFT calculation. For this reason, we favored this approach over recent advances in multireference perturbation theory approaches. [49] [50] [51] Water molecules were included in this subset of single excitations if they were hydrogen bonding, i.e., donor-acceptor bond length of less than 3.15 Å and within a cone defined by an angle of 35°.
Results and Discussion
3.1. Gas Phase. First, we consider the gas-phase results. Tables 1 and 2 L a state from the ground state, three significant bond changes are observed: the C 8 sC 9 bond discussed above, the C 5 sC 6 bond (0.045 Å), and the C 3 sC 4 bond (0.063 Å). These bond length changes suggest a much more multiconfigurational state delocalized over both rings.
The gas-phase absorption (including Rydberg states and 0-0 transitions) and emission data calculated at the CASPT2 level are given in Table 3 . For the ground state and L states, in all cases, the weight of the reference CASSCF wave function in the CASPT2 calculation was greater than 0.65, indicating that it was a good zeroth-order reference. Experimental gas-phase data for 5-hydroxyindole are limited; thus, these calculations are presented as predictions. The first two excitations are π f π* in nature. Applying Platt's notation to 5-hydroxyindole and using the line of pseudosymmetry through the unsubstituted indole ring (see Figure 1) , these can be labeled as the Table 4 . In previous TDDFT studies, standard hybrid density functionals failed to predict the correct ordering of the 1 L states of indole systems. We tested the PBEOP and LB94 corrections on indole, and both functionals correctly predicted the ordering of the 1 L states. The functionals also predict the correct ordering of the states in 5-hydroxyindole as determined from the CASPT2 calculations. The excitation energies agree well for the 1 L b state, although the agreement is slightly less good for the 1 L a state. It is not the purpose of these gas-phase TDDFT calculations to reproduce the CASPT2 values, but rather to provide a good starting point for larger TDDFT calculations, so that we can be satisfied that the functionals chosen can correctly order the excited states.
3.2. Implicit Solvation. To understand the bulk effects of solvent, the PCM solvation model was used within the CASPT2 framework. Table 5 gives 3.3. Explicit Solvation. Because hydrogen bonding might be significant in the solvation of 5-hydroxyindole, we considered explicit solvent molecules. This would be too computationally expensive with the CASPT2 method, because additional orbitals would be required in the active space. Thus, TDDFT was used. Snapshots were taken every 10 ps from MD simulations in water and in acetonitrile. These solvents were chosen because their dielectric constants are similar to those found at the membrane surface. In the truncated subset of single-excitation TDDFT/ TDA calculations, water molecules were included if they were hydrogen bonding. On average, 35 explicit water molecules and 20 explicit acetonitrile molecules were used in the TDDFT/ TDA calculations.
The calculated absorption spectrum in water agrees well with experiment ( Figure 3) . The hydrogen-bond distances of less than 2.35 Å, whereas the As the band origin for 1 L a lies lowest in energy in both solvents, we conclude that this state is responsible for emission in water and acetonitrile. The emission spectra were calculated from snapshots taken from an MD simulation where the 5-hydroxyindole geometry was constrained at the geometry in order that it best represent the excited state. The CASSCF geometry was preferred over the TDDFT geometry because of the multiconfigurational description and larger basis set employed. The LoProp charges from the CASSCF calculations on the 1 L a state were used so that the solvent molecules in the MD calculations felt an excited-state potential rather than the ground-state potential. The spectra were built up as an average of convoluted gaussians (with a bandwidth of 0.1 eV) centered on each peak. Our selection of snapshots at uniform intervals from the sampling implicitly included the Boltzmann weighting. These spectra are given in the Supporting Information, along with the experimental emission plots. The calculated emission peak for water is in excellent agreement with experiment, both showing an emission peak at 3.70 eV. The experimental emission spectrum in acetonitrile shows a peak at 3.73 eV, with the calculated emission peak at 3.87 eV. The TDDFT results, therefore, show qualitatively the correct solvatochromic shift in the emission peak.
Conclusions
In many theoretical calculations, the electronic spectra reported correspond to molecules at absolute zero. These calculations are represented by a single excitation and associated oscillator strength. Experimental spectra measured at higher temperatures show line broadening and excitations corresponding to a band (or bands) with a distinct shape. Much of the broadening is due to thermal effects neglected in the theoretical calculations. In this study, a combination of high-level CASSCF/ CASPT2 calculations in the gas phase, classical MD simulations, and TDDFT calculations has been used to study 5-hydroxyindole in an explicit solvent. The calculation of the absorption spectrum requires only the MD approach followed by the TDDFT calculations, because the geometry of the 5-hydroxyindole molecule is unconstrained during the MD simulations. To predict the emission spectrum, the CASSCF approach is necessary, because an accurate excited-state geometry is required. This geometry is then constrained in subsequent MD simulations.
Given problems previously reported with TDDFT on indole systems, the present study used an asymptotically corrected functional. The CASSCF geometry optimization supports the idea that the 1 L a state involves some charge-transfer character, so the use of a corrected functional is justified. In contrast to previous explicit solvation calculations using the sequential method, we incorporated a larger number of explicit solvent molecules in our calculations, allowing a second hydration shell in water. The calculation of the emission spectrum was performed in a similar manner, by constraining the MD simulation to keep the 5-hydroxyindole geometry in its CASSCF excited-state geometry.
The results for 5-hydroxyindole show that the absorption spectra calculated in solution can be used to interpret the experimental spectra reliably. This allows us to conclude that, for both solvents studied, the ordering of the (peak maximum) excited states is This work has provided some insights into the structure of the absorption and emission properties of 5-hydroxyindole in different molecular environments. These insights will facilitate the study of larger systems (such as proteins) using 5-hydroxytryptophan as a molecular probe to gain quantitative insight into the environments within these systems. This study also provides a computational recipe for the production of an accurate emission spectrum in an efficient manner. 
